Purpose: The aim of this study was to investigate the genetic basis and pathogenic mechanism of variable maculopathies, ranging from mild photoreceptor degeneration to central areolar choroidal dystrophy, in a five-generation family.
INTRODUCTION
Inherited retinal degenerations (IRDs) include a group of diverse retinal degenerative diseases presenting both genetic and clinical heterogeneities. To date, according to RetNet (https://sph.uth.edu/retnet/), 293 loci (including 256 identified genes) have been associated with IRDs. Among the 256 identified genes, the guanylate cyclase activator 1A gene (GUCA1A; MIM 600364) has been implicated in dominant cone dystrophy, cone-rod dystrophy, and macular dystrophy. [1] [2] [3] GUCA1A, located in 6p21.1, encodes the guanylyl cyclase-activating protein 1 (GCAP1), a photoreceptor-specific protein with more expression in the inner segment/outer segment (OS) layer of cones than rods in mammals. 4 GCAP1 is a critical component in the phototransduction cascade, which acts as a calcium sensor in the recovery of photoreceptors from photon capture by regulating the retinal guanylate cyclase 1 (retGC1) -medicated cyclic guanosine monophosphate production in a calciumsensing manner. 5, 6 RetGC1 is encoded by the guanylate cyclase 2D gene (GUCY2D; MIM 600179). The important roles of GCAP1 and retGC1 in regulating hemostasis of calcium and cyclic guanosine monophosphate in photoreceptors have been well addressed.
In this study we found a novel GUCA1A mutation to be disease causative in a five-generation family affected with variable maculopathies ranging from mild photoreceptor degeneration to central areolar choroidal dystrophy (CACD). CACD is a special form of IRD that mainly affects the maculae and is characterized by a well-defined atrophic region of retinal pigment epithelium (RPE) and choriocapillaris at the latest stage.
(PRPH2; MIM 179605) and GUCY2D, were implicated in CACD etiology. 8, [10] [11] [12] We also found that diverse pathogenic mechanisms of GUCA1A mutations might correlate with the phenotypic diversity of IRDs.
MATERIALS AND METHODS

Participants and clinical assessments
Our study conformed to the Declaration of Helsinki and was prospectively reviewed and approved by the ethics committee of Ningxia Eye Hospital. Written informed consent was obtained from all participants before their enrollment. Eighteen patients and 18 unaffected family members from family DC were included in the study (Figure 1) . Medical records from each participant were reviewed. Routine ophthalmic examination was conducted for all participants, and all patients received comprehensive ophthalmic examinations, including best-corrected visual acuity, slit-lamp examination, visual field test, funduscopic evaluations, and electroretinograms. Fundus autofluorescence, fundus fluorescein angiography, optical coherence tomography, and electroretinography were performed when possible. Another 423 unrelated Chinese controls free of maculopathy and other major ocular diseases were also recruited. Samples of peripheral venous blood (5 ml) were collected from each participant for genomic DNA extraction using a QIAmp DNA Mini Blood Kit (Qiagen, Hilden, Germany).
Linkage analysis
Thirteen patients from family DC (II:11, II:13, III:7, III:14, III:16, III:18, III:20, III:31, IV:3, IV:6, IV:9, IV:13, and V:3) and four unaffected members from the same family (III:23, III:35,  IV: 12, and IV:18) were carefully examined and genotyped. Genome-wide linkage analysis was conducted in collaboration with Genesky Biotech (Shanghai, China) using a total of 366 microsatellite markers spaced at about 10 cM (Weber set 6.0) and distributed throughout all autosomes; these markers were amplified by polymerase chain reaction (PCR) using primers labeled by FAM. 13, 14 PCR products were appropriately pooled according to allele size and labeling, mixed with GeneScan-500 TAMRA standard (Applied Biosystems, Foster City, CA), denatured, loaded onto 6% standard denaturing polyacrylamide gels, and run in an ABI 3130xl sequencer (Applied Biosystems) for fluorescent detection. Genotype calling was performed using the GeneMapper 4.1 software package (Applied Biosystems). The pedigree showed male-to-male transmission of the disease and an approximately 1:1 ratio between affected males and females, indicating an autosomal-dominant mode of inheritance. Therefore, the multipoint log odds score was calculated using an autosomal-dominant inheritance mode with a risk allele frequency of 0.0001 and a penetrance of 99% (LINKAGE software package of MERLIN 1.1.2). Family and haplotype data were generated using Cyrillic software (version 2.1) and confirmed by inspection.
Exome sequencing and bioinformatics analysis
Two patients, DC-IV:3 and DC-IV:13, were selected for wholeexome sequencing using the SureSelect Human All Exon 50Mb Kit (Agilent Technologies, Santa Clara, CA) and the HiSeq 2000 platform (Illumina, San Diego, CA). 15 Illumina base-calling software v1.7 was then applied to turn raw image files into 90-base-paired-end reads. Bioinformatics were subsequently analyzed, and mutations validated. 16, 17 Briefly, all detected variants were initially filtered against six single-nucleotide polymorphism databases, including dbSNP144 (http:// hgdownload.cse.ucsc.edu/goldenPath/hg19/database/snp144. txt.gz), the HapMap project (ftp://ftp.ncbi.nlm.nih.gov/hapmap), the 1000 Genomes Project (ftp://ftp.1000genomes.ebi. ac.uk/vol1/ftp), the YanHuang database (http://yh.genomics. org.cn/), the Exome Variant Server (http://evs.gs.washington. edu/EVS/), and the Exome Aggregation Consortium database (http://exac.broadinstitute.org/). Noncoding variants were discarded, and only variants located within an annotated exon or within 10 base pairs on either side were analyzed further. Intrafamilial cosegregation analysis and prevalence testing in the 423 unrelated controls were then conducted with the primers detailed in Supplementary Table S1 online.
In silico analyses
Evolutionary conservation of the mutated residues was analyzed with Vector NTI Advance 2011 (Invitrogen, Carlsbad, CA) by aligning the protein sequence of human GCAP1 (NP_000400.2) with sequences of the following orthologous proteins: Pan troglodytes (ENSPTRP00000031039), Canis lupus familiaris (ENSCAFP00000002385), Bos taurus (NP_776971.1), Sus scrofa (ENSSSCP00000001774), Mus musculus (NP_032215.2), Gallus gallus (NP_989651), and Danio rerio (NP_571945.1). Crystal structural models of the wild-type (WT) and mutant GCAP1 were constructed using the SWISS-MODEL online server. Predicted structures were displayed by PyMol software (version 1.5).
Plasmids construction and messenger RNA synthesis
The open reading frame sequence of WT human GUCA1A (NM_000409.3) was synthesized and inserted into the pXT7 plasmids (a gift from Anming Meng, Tsinghua University) to get the linearized AcpXT7-GUCA1A
WT plasmid for in vivo transcription. 18 Missense GUCA1A mutations, p.R120L and p.D100E, were introduced into the generated WT plasmid using a QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) to obtain recombinant plasmids AcpxT7-GUCA1A R120L and AcpxT7-GUCA1A , and GUCA1A p.D100E were then generated using a mMESSAGE mMACHINE T7 Ultra Kit (Ambion, Austin, TX), and purified with a RNeasy Kit (Qiagen).
Zebrafish manipulations
Zebrafish (Tubingen strain) experiments were performed in accordance with the Institutional Animal Care and Use Committee-approved protocol in the Model Animal Research Center, Nanjing University, China. One-to 2-cell zebrafish embryos (0 days postfertilization (dpf)) were randomly divided into three groups and microinjected with 1 nl of solution containing 150 pg purified designate mRNA. Embryos with systemic deformities were discarded. Only embryos with a normal systemic appearance were included for further investigations. The investigator was blinded to the group allocation during the experiment and when assessing the outcome.
Reverse transcriptase PCR and real-time PCR
Total RNA was isolated using Trizol (Invitrogen), followed by reverse transcription PCR for complementary DNA synthesis with a reverse transcription kit (Invitrogen). Real-time PCR was conducted using FastStart Universal SYBR Green Master (ROX; Roche, Basel, Switzerland) with the StepOne Plus Realtime PCR System (Applied Biosystems). Primer information is listed in Supplementary Table S1 online.
Transmission electron microscopy and immunofluorescent staining
Morphological changes of the zebrafish eyes from the different injected groups at 4 dpf were visualized with a Leica DM-IL microscope (Leica, Wetzlar, Germany). Transmission electron microscopy (JEOL, Tokyo, Japan) was applied for ultrastructural analysis of the eye in larvae 11 dpf. 19 Retinal sections of zebrafish at 4 dpf were obtained for immunofluorescent staining to visualize RPE, rod, and cone photoreceptors. 18 RPE was immunostained with the RPE-specific antibody Zpr-2. As for the immunofluorescent staining of photoreceptors, we labeled cone photoreceptor OS//inner segment with peanut agglutinin lectin, and cone cell body with an antibody against Zpr-1, a marker for red/green cones. 15 Rod photoreceptors were visualized by staining of rhodopsin. Information about antibodies is detailed in Supplementary Table S2 online. The terminal deoxyribonucleotidyl transferase-mediated 2′-deoxyuridine 5′-triphosphatedigoxigenin nick end labeling (TUNEL) assay was applied for detection of DNA fragmentation and investigation of active cell death (apoptosis). We used a transgenic zebrafish (flk1: enhanced green fluorescent protein (EGFP)) to visualize the systemic vessels, including ocular vessels. 20, 21 Truncal vasculature of living zebrafish was visualized with inverted fluorescent microscopy (Leica DM IL), while the ocular vessels in living zebrafish were visualized using a Leica TCS SP5 confocal system.
Statistics
GraphPad Prism (version 4.0; GraphPad Software, San Diego, CA) was used for statistical analysis. We applied one-way 
RESULTS
Clinical presentations
Family DC is a large, five-generation Chinese family recruited from Ningxia Eye Hospital. A total of 18 patients with maculopathy and 18 unaffected family members participated in our study ( Figure 1 ). All patients received detailed ophthalmic examinations; the results are summarized in Supplementary Table S3 online. All affected eyes of the 18 patients were graded as I to IV based on the severity of maculopathy as revealed by their fundus presentations. Briefly, grade I is characterized by subtle photoreceptor degeneration. In grade II, moderate photoreceptor degeneration with RPE attenuation is observed. Grade III is marked by one or more patches of RPE and choriocapillary atrophy, making choroidal vessels visible. Significant atrophy of the outer nuclear layer, RPE, and choriocapillaries in a welldefined region surrounding the fovea is characteristic of grade IV, leading to a remarkable decrease in visual acuity. Among the 36 eyes analyzed, 8 were defined as grade I, 6 as grade II, 15 as grade III, and 7 as grade IV. The eyes with grade III and IV maculopathy present the typical features of CACD, which represents a unique and severe pattern of maculopathy. Thus, those eyes are clinically diagnosed as CACD. Fundus photography, fundus autofluorescence, fundus fluorescein angiography, optical coherence tomography, and electroretinography for patients with different grades of maculopathy are summarized in Figure 2 , Supplementary Figure S1 online, and Supplementary Table  S4 online. Sixteen of the 18 included patients experienced color anomaly, whereas no patient showed photophobia or nyctalopia. The initial symptom for most patients in this family was vision loss, whereas for patients DC-IV:9 and DC-V:3, their disease status was revealed upon ophthalmic examination. Most patients in this family claimed vision loss started in their 20s or 30s. DC-IV:19 reported poor vision since early childhood. It was thus difficult to determine his exact age at onset of vision loss. Age at onset of vision loss in patient DC-III:14 was 40 years old, which was the latest within this family. Disease progression for patients in this family varied. Patients DC-IV:3 and DC-IV:5 progressed rapidly after their initial symptom, while the disease course for patients DC-III:20 and DC-III:14 was relatively slow.
Linkage analysis
To determine the genetic lesion of maculopathy in this family, we carried out a genome-wide linkage analysis on 13 patients and 4 unaffected members by using 366 microsatellite markers distributed throughout the whole genome (Figure 1) . Linkage analysis revealed a candidate region cosegregating with the disease on chromosome 6. The critical interval was flanked by markers D6S276 and D6S460, with a maximum log odds score of 4.54 at D6S1610 (Supplementary Table S5 online).
Exome sequencing
Whole-exome sequencing was subsequently performed on two patients, DC-IV:3 and DC-IV:13, to determine the disease-causative mutation in this family. The mean depths of targeted regions were 81-fold and 103.8-fold for patients DC-IV:3 and DC-IV:13, respectively. A total of 127,904 variants were detected by wholeexome sequencing, and these were subjected to bioinformatics analysis, filtering, and validation by Sanger sequencing using the primers detailed in Supplementary Table S1 online. Among all variants, only one heterozygous variant, c.359_360delinsTT in the GUCA1A gene (MIM 600364), was deemed to be likely pathogenic (Figure 3c) . The variant c.359_360delinsTT cosegregated with the disease phenotype in the family (Figure 1 ) and was absent in 423 additional ethnically matched, unrelated controls and five single-nucleotide polymorphism databases. This variant was located in exon 3 of the GUCA1A gene and is predicted to result in an amino acid substitution from arginine to leucine at residue 120 (p.R120L) of GCAP1, the protein encoded by the GUCA1A gene (Figure 3a) . More important, our wholeexome sequencing results were consistent with the linkage data because the GUCA1A gene was located within the critical interval on chromosome 6 (Figure 1 ).
Pathogenic analysis
The mutation GUCA1A p.R120L was conserved among all species aligned except for S. scrofa (Figure 3b) , and was located in third EF-hand domain, which is involved in calcium binding (Figure 3a) . To predict the pathogenic effect caused by this mutation, we performed crystal structural modeling for the The mutational spot and its generated hydrogen bonds are highlighted yellow. Amino acids interacted with residue 120, including Ser51, Ile116, Gln117, Arg123, and Arg182, are indicated. The hydrogen bond between residue 120 and Ser51 is eliminated upon the change from wild-type arginine to mutant leucine. (f,g) Crystal structures of wild-type (f) and mutant GCAP1 carrying p.D100E (g). The mutated residue is indicated in blue. Its generated hydrogen bonds and interacted proteins are annotated. Two hydrogen bonds between residue 100 and Gly105/Asn104 are generated as a result of the mutation. Using this assay, we found that a hydrogen bond between residues Ser51 and Arg120 in the WT protein was eliminated in the mutated protein as a result of the replacement of arginine by leucine (Figure 3d,e) . This hydrogen bond seems to be important for the tertiary structure of the protein because it connects α-helices of the second and the third EF-hand domains. Thus, it is very likely that the mutation p.R120L affects the folding and relevant biological properties of GCAP1.
To better determine the pathogenesis of GUCA1A p.R120L and to explain the phenotypic diversity caused by GUCA1A mutations, we introduced another previously reported mutation, p.D100E, which was reported to be correlated with cone dystrophy. 22, 23 This mutation, situated in the calcium-binding loop of the third EF hand, was conserved among all tested species (Figure 3a,b) . A possible molecular structure of this mutant protein was also constructed based on the GCAP1 template, which indicated that this mutation would generate two novel hydrogen bonds between residue 100 and Asn104 and Gly105, respectively (Figure 3f,g ).
GUCA1A p.R120L causes photoreceptor impairments
We first measured whether GUCA1A p.R120L could cause photoreceptor degeneration. Previous studies have revealed the dominant nature of GUCA1A mutations. 24 Consistent with this, no remarkable change was found in the eyes of mice homozygous for a null allele of Guca1a. 25 To test the hypothesis that p.R120L causes disease through a gain-of-function mechanism, we overexpressed WT (hereafter termed GUCA1A WT ) or mutated human GUCA1A mRNA (GUCA1A p.R120L ) in zebrafish to characterize their relevant pathology. We also injected both GUCA1A
WT and GUCA1A p.R120L into a group of zebrafish (GUCA1A WT+p.R120L ) to assess whether the pathogenic impact of GUCA1A p.R120L could be partly or fully rescued by WT mRNA. In this way, we sought to determine whether GUCA1A p.R120L functions in a toxic gain-of-function or a dominant negative manner.
Overexpression of exogenous proteins often causes systemic developmental defects as a result of toxicity; therefore, we only included zebrafish without systemic deformities for further analysis. Light microscopy revealed no evident morphological changes in the eyes of zebrafish injected with either GUCA1A
, or GUCA1A p.D100E at 4 dpf (Figure 4a) . We conducted ultrastructural analysis of zebrafish at 11 dpf using transmission electron microscopy. According to transmission electron microscopy, the OSs and inner segments of photoreceptors in the GUCA1A p.R120L -injected zebrafish were irregular, with a shrinking and twisty appearance (Figure 4d,e) .
Retinal sections of zebrafish larvae at 4 dpf were obtained for immunofluorescent staining. Consistent with ultrastructural changes, the cone inner segment/OS, indicated by peanut agglutinin lectin staining, were significantly reduced or even vanished in larvae injected with GUCA1A p.R120L (Figure 5a,b) . The red/green cone cell bodies were also affected by the mutation: a reduction of 73% of fluorescent intensity of Zpr-1 staining was revealed in the GUCA1A p.R120L -injected larvae compared with the GUCA1A WT -injected group (Figure 5c,d) . Rhodopsin staining was nearly undetectable in fish injected with GUCA1A p.
R120L
, suggesting that the mutation causes similar defects in rods (Figure 5a,b) . In addition, mRNA levels of photoreceptorspecific genes were also found to be decreased in GUCA1A p.
-injected embryos and could not be rescued (Figure 5e ). Subgroup analysis further suggested that both cones (Figure 5f ) and rods (Figure 5g) were affected. Thus, our findings revealed that photoreceptors are impaired by GUCA1A p.R120L in a toxic gain-of-function way.
GUCA1A p.R120L induces RPE degeneration in zebrafish
We next measured whether RPE cells were affected by this mutation. When compared with the GUCA1A WT -injected group, we found RPE cells in both GUCA1A p.R120L -and GUCA1A
WT+p.R120L -injected zebrafish were remarkably thinned with altered nuclei, suggesting atrophic changes (Figure 4b-g ).
Retinal sections of zebrafish larvae at 4 dpf were obtained for immunofluorescent staining. Despite dramatic morphological changes, we did not find any apoptotic cells in the RPE layer as determined by TUNEL staining (data not shown). However, we found that the reactivity of Zpr-2, an RPE characteristic antibody, was diminished in the RPE of larvae expressing GUCA1A p.R120L and GUCA1A WT+p.R120L (Figure 5h-j) . mRNA levels of several RPE characteristic markers were reduced in GUCA1A 
R120L -and GUCA1A
WT+p.R120L -injected groups. Thus, our findings suggest that the GUCA1A p.R120L mutation could cause RPE degeneration in a toxic gain-of-function manner.
GUCA1A p.R120L leads to aberrant ocular vasculature
We next determined whether this mutation could cause atrophy of the choriocapillaris. Ocular vasculature in zebrafish is distinct from that in mammals. Choriocapillaris in zebrafish is not generally distinguishable. We therefore used a transgenic zebrafish (flk1: EGFP) model in which the expression of EGFP is driven by the promoter of the flk1 gene, which corresponds to the KDR gene in humans and is expressed in vascular endothelial cells. 20, 21 This model allowed us to visualize the systemic vessels, including ocular vessels, in living zebrafish. The transgenic (flk1: EGFP) zebrafish were divided into two groups and injected with GUCA1A
WT or GUCA1A p.R120L
. At 4 dpf, living embryos with no remarkable systemic changes were selected for fluorescent microscopy of ocular vessels. A number of consecutive fluorescent confocal images on the z axis spanning entire eyeball were automatically taken and three-dimensional reconstructions of these images were subsequently generated (Figure 5m) . The relative fluorescent intensity of EGFP in reconstructed images, presumably derived from the retinal vessels and the choriocapillaris underneath, was calculated using ImageJ software (National Institutes of Health, Bethesda, MD). Using this approach, we found that the EGFP signal in the GUCA1A . The truncal vasculature of the living zebrafish was also obtained. Notably, no appreciable phenotypic differences were found between the truncal vasculatures of the two injected groups (Figure 5l) , suggesting that the changes in vascular architecture are retina specific.
GUCA1A p.D100E impairs photoreceptor and RPE functions in a likely dominant-negative manner GUCA1A p.D100E was previously reported to be correlated with cone dystrophy; therefore, we next tried to determine whether the pathogenesis of p.D100E differed from that of p.R120L. Immunofluorescent staining revealed that staining of rhodopsin vanished in zebrafish injected with GUCA1A 
DISCUSSION
GUCA1A mutations are implicated in a wide panel of retinal dystrophies and are shown to result in constitutive activation of retGC1, which in turn leads to calcium overload, causing photoreceptor death, predominantly in cones. 26, 27 In this study we reveal a novel GUCA1A mutation, p.R120L, in a family with variable maculopathies ranging from mild photoreceptor degeneration to CACD. Functional analyses further support its pathogenic effects: p.R120L was shown in zebrafish to cause atrophy of photoreceptors, RPE, retinal vessels, and choriocapillaris, probably in a gain-of-function manner. Another mutation, p.D100E, previously reported to cause cone dystrophy, was also investigated. This mutation was also found to impair photoreceptors and RPE in zebrafish but, unlike p. R120L, in a dominant-negative way. In fact, diverse molecular properties of GUCA1A mutations have been reported. Two mutations, p.L84F and p.I107T, presenting wide phenotypic spectra, were found to cause similar abnormal regulation of retGC via disparate mechanisms.
28 GUCA1A p.I107T significantly reduced the affinity for calcium binding, whereas p.L84F altered the tertiary structure of GCAP1 and aberrantly increased its affinity for magnesium. The diverse pathogenesis of GUCA1A mutations may contribute to their variable phenotypic spectrums.
Intrafamilial phenotypic variability has also been reported for GUCA1A mutations, which suggests that, apart from mutation properties, other genetic or environmental factors may also contribute to their etiology. 3 A potential explanation is the existence of genetics modifiers. Increased expression of the Volume 19 | Number 8 | August 2017 | Genetics in meDicine mutated allele and/or decreased expression of the WT allele may aggravate retinal phenotypes. Another hypothesis is that the phenotypic severity may partly be modified by other proteins that closely interact with GCAP1 or are simply involved in the phototransduction pathway, like GCAP2, retGC1, and retGC2. 3 In addition, a previous study also indicated that the differential photoreceptor subtype sensitivity correlated with GUCA1A mutations, which corresponds to its relevant distinct clinical phenotypes, may be tied to the different structural organization of rod and cone photoreceptors, the RPE, and the choriocapillaris. 29 However, overexpression of exogenous protein in zebrafish embryos may result in unexpected phenotypes. Thus, in this study we cannot completely rule out the possibility that phenotypes observed in the RPE and ocular vessels are caused by ectopic overexpression of GCAP1. More investigations into the phenotypic diversity of GUCA1A mutations with a more suitable model would be worth pursuing.
CACD usually presents as an autosomal-dominant trait. 7 Only two genes, PRPH2 and GUCY2D, have been reported to cause CACD, both of which are expressed exclusively in photoreceptors, just like GUCA1A. 8, [10] [11] [12] In addition, significant thinning to complete loss of the outer nuclear layer of photoreceptors has also been observed in the CACD process. 8, 30 We therefore raise the hypothesis that CACD represents a severe pattern of maculopathy. Though the clinical recognition of CACD is mainly focused on RPE and choriocapillaris defects, these changes are probably secondary to photoreceptor dystrophies, given that all genes associated with CACD to date are photoreceptor-specific. However, no authoritative clarification has been made regarding this. In this study, by modeling GUCA1A p.R120L in zebrafish, we revealed that overexpression of this mutation resulted in a significant degeneration of both rods and cones, further supporting that photoreceptor dystrophy is presumably the initial defect for CACD. The greater involvement of rods observed in this study could be specific to an allele specific and/or to the species. Indeed, GCAP1 expression patterns differ among species, 31 and GCAP1 is localized to rod cells and short single cones in zebrafish retina. 32 However, how photoreceptor degeneration would affect the RPE and choriocapillaris is not yet clear. It is very likely that the overaccumulation of OS debris or other abnormal substances derived from those dying photoreceptors are toxic to the RPE, leading to its degeneration and atrophy. Intact RPE functions are crucial for photoreceptor survival. 33 An impaired RPE will in turn aggravate photoreceptor degeneration. The choriocapillaris also collapses following RPE degeneration as a result of a lack of growth factors secreted by the RPE, which are essential for choroidal vasculature homeostasis. One of those crucial factors is the vascular endothelial growth factor secreted by the RPE. Targeted deletion of Vegfa in adult mice has been shown to induce significant retinal degeneration, 34 further supporting its important role in maintaining homeostasis of choriocapillaries and photoreceptors. Vascular insufficiency accelerates accumulation of toxin in the Bruch's membrane, thereby aggravating photoreceptor and RPE loss and resulting in dystrophy of the entire photoreceptor-RPE-Bruch's membrane-choriocapillaris complex. This model implies the tight biological interplay among photoreceptors, RPE, and choriocapillaris. One example supporting our theory is that mutations in the photoreceptorspecific gene ABCA4 impair the visual cycle and cause accumulation of abnormal toxic retinoid in the RPE, which in turn leads to Stargardt's macular dystrophy. 35 Similar to our cases, primary defects of photoreceptors leading to secondary RPE/ choriocapillaris impairments were also revealed in mice overexpressing mutated PRPH2 p.R172W, another photoreceptorspecific gene associated with CACD. 29 This PRPH2 mutation led to dominant defects in cones followed by loss of integrity of the RPE and choriocapillaris. Nevertheless, in-depth assessments of how photoreceptor degeneration impairs the RPE/ choriocapillaris in variable conditions are still needed.
In summary, based on genetic findings and functional analyses, we conclude that GUCA1A mutations could cause significant variability of maculopathies. We also raise a theory that although clinical recognition focuses mainly on impairments of the RPE and choriocapillaris, the primary insult for CACD is in photoreceptors. CACD represents a severe pattern of maculopathy. Pathogenesis for GUCA1A mutations varies, which might help to explain their phenotypic diversity. Understanding the pathological process and mechanism of GUCA1A mutations would direct relevant clinical evaluation, treatment, and prognosis.
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